There is a high quest for novel therapeutic strategies to enhance recovery after stroke. MicroRNA-124 (miR-124) has been described as neuroprotective and anti-inflammatory molecule. Moreover, miR-124 is a well described enhancer of adult neurogenesis that could offer potentially beneficial effects. Herein, we used miR-124-loaded nanoparticles (miR-124 NPs) to evaluate their therapeutic potential in an in vitro and in vivo model of stroke. For that, neuroprotective and neurogenic responses were assessed in an in vitro model of stroke. Here, we found that miR-124 NPs decreased cell death and improved neuronal differentiation of subventricular zone (SVZ) neural stem cell cultures after oxygen and glucose deprivation. In contrast, intravenous injection of miR-124 NPs immediately after permanent focal ischemia induced by photothrombosis (PT) did not provide a better neurological outcome. In addition, treatment did not affect the number of 5-bromo-2'-deoxyuridine (BrdU)-and doublecortin/BrdU-positive cells in the SVZ at the study endpoint of 14 days after PT. Likewise, the ischemic insult did not affect the numbers of neuronal progenitors in the SVZ. However, in PT mice miR-124 NPs were able to specifically augment interleukin-6 levels at day 2 post-stroke. Furthermore, we also showed that NPs reached the brain parenchyma and were internalized by brain resident cells. Although, promising in vitro data could not be verified in vivo as miR-124 NPs treatment did not improve functional outcome nor presented beneficial actions on neurogenesis or poststroke inflammation, we showed that our NP formulation can be a safe alternative for drug delivery into the brain.
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Introduction
After stroke, the adult brain attempts to compensate lost function by reorganizing itself, an action that involves multiple interconnected mechanisms such as cell genesis, astrogliosis, inflammation and neuronal plasticity. The proliferation and differentiation of cells derived from neural stem cells (NSCs) may replace lost neurons and thereby contribute to improve functional deficits [1] [2] [3] . In addition, inflammatory cascades, either detrimental or beneficial, significantly contribute to acute tissue demise. However, an increased activation of immune cells as well as inflammatory molecules can be observed weeks after the insult and may contribute to restoration of brain function [4] . Interestingly, therapeutic experimental approaches targeting detrimental inflammatory cascades have been translated into clinical trials aiming at improving neurological outcome of stroke patients, reviewed at Lakhan et al., 2009 and Simats et al., 2016 [5, 6] .
MicroRNAs (miR) are small endogenous, non-coding RNAs able to regulate hundreds of genes at the post-transcriptional level by inhibiting mRNA translation or inducing mRNA degradation [7] . Previous reports showed that miR-124 levels were decreased in neural progenitor cells of the subventricular zone (SVZ) and in the ischemic core [8, 9] , but seemed to be elevated in the plasma of rodents subjected to permanent occlusion of the middle cerebral artery (MCAO) [10, 11] . In stroke patients, downregulation of plasma levels of miR-124 within the first 24 h was negatively associated with infarct size [12] . In contrast, another study showed increased plasma levels of miR-124 and those were correlated with higher mortality during the first 3 months after stroke and a worse outcome based on post-stroke modified Rankin Score (mRS) [13] . In stroke models, overexpression of miR-124 prior to stroke decreased infarct volume, reduced microglial activation and improved neurogenesis via ubiquitin-specific protease (Usp)14-dependent REST degradation [14, 15] . In addition to protective effects, injection of liposomated miR-124 into the striatum of mice two days after transient MCAO promoted an anti-inflammatory state (M2 state) of microglia/macrophages and conversely reduced their pro-inflammatory state (M1 state) correlated with a better functional outcome during the first week after stroke onset [16, 17] . In contrast, others have demonstrated that downregulation of miR-124 resulted in lower infarct volumes while no changes in terms of infarct volumes have been observed after overexpression of miR-124 [18, 19] .
MicroRNAs are small molecules with short half-life and poor stability. To overcome this issue we have developed~210 nm-size polymeric NPs with a fluorine compound that can be tracked by fluorine ( 19 F) magnetic resonance imaging (MRI) [20] . This system has already proven efficacy in miR delivery into cells both in vitro and in vivo. For example, we demonstrated, using this formulation, that intracerebroventricular delivery of miR-124-loaded NPs (miR-124 NPs) promotes SVZ neurogenesis in mice both in physiological conditions and after 6-hydroxydopamine lesions. We have also shown that administration of miR-124 NPs increased the number of new neurons in the lesioned area associated with amelioration of Parkinson's disease-related motor deficits [21] .
The present study has been conducted to evaluate if exposure of miR-124 NPs affects survival and differentiation of SVZ derived NSCs after exposure to oxygen and glucose deprivation (OGD). Positive results from these experiments prompted us to hypothesize that systemic administration of miR-124 affects stroke outcome measures, namely neurological functions during the first 14 days after photothrombotic stroke (PT). Moreover, we sought to identify the role of miR-124 on post-stroke inflammatory response and neurogenesis.
Materials and methods

Synthesis of poly(lactic-co-glycolic acid) (PLGA) NPs
PLGA NPs were prepared as described by Gomes and colleagues [20] . Briefly, PLGA (Resomers 502 H; 50:50 lactic acid/glycolic acid; Boehringer Ingelheim Lda, Ingelheim, Germany) was covalently conjugated to fluoresceinamine (Sigma-Aldrich Co. LLC, St. Louis, MO, U.S. A.). NPs were prepared by dissolving PLGA (100 mg) in a solution of dichloromethane/trifluoro-ethanol (1:8) containing PFCE (100 mg, Fluorochem, Derbyshire, UK). This solution was then added dropwise to a poly(vinyl alcohol; PVA) solution (5% w/v in water), stirred and sonicated using ultrasonicated probe. Immediately after, the solution was added dropwise in 40 mL Milli-Q water under stirring condition and left to stir for 3 h. NP solution was dialyzed using dialysis membrane (MWCO of 50 kDa) for 3 days against Milli-Q water. NPs were coated with protamine sulfate (PS) in 1:1 (w/w) ratio by agitation at room temperature (RT) for 1 h. After this incubation period, NPs were dialyzed (MWCO of 12 kDa) against Milli-Q water for 3 days, followed by freezing and lyophilization to obtain a dry powder that was stored in a desiccator at RT.
Complexation of NPs and miR
Nanoparticles complexation was performed as described in [21] . Briefly, NPs were weighed and sterilized under ultraviolet light before being resuspended, stirred and sonicated to form a homogenous suspension. For in vitro experiments NPs were dissolved to a final concentration of 1 μg/mL in SVZ cell culture medium devoid of growth factors and complexed with a total of 200 nM of miR (50 pmol of miR-124 or scramble-miR, both from GE Healthcare Dharmacon Inc., Chicago, USA) for 45 min at 37˚C with intermittent agitation. For in vivo injections, 1 mg of NPs were resuspended into 150 μL of saline solution and complexed with 4 nmol of miR and allowed to complex for 45 min at 37˚C under agitation. Void NPs were prepared using the same procedure but without adding miR. All miR are from GE Healthcare Dharmacon Inc. and were provided annealed, desalted and in the 2'-hydroxyl form and were resuspended in sterile RNA free water.
Zeta potential measurements
PLGA-PS NPs (6.6 mg) were coated with 4 nmol oligonucleotide (similar length as miR-124) for 1 h, at 37˚C, and resuspended in 0.9% NaCl solution (1 mL). Zeta potential analyses were performed by light scattering via a Zeta PALS Zeta Potential Analyzer (Brookhaven Instruments Corporation). All data were recorded with at least 5 runs with a relative residual value (measure of data fit quality) of 0.03. To monitor the stability of the NPs (void NPs or NPs conjugated with oligonucleotide; 1.5 mL) under static (no flow) and flow conditions, the NP suspension was stored at 37˚C for 24 h or applied to flow conditions in a microfluidic system (Ibidi, μ-Slide VI 0,4 Luer, Germany). In this case, a laminar flow rate of 20 dynes/cm 2 was applied in the microfluidic system using a perfusion pump system, at 37˚C. After 24 h, the NPs were collected, and zeta potential was analyzed.
single cell suspension was diluted in serum-free medium (SFM) composed of Dulbecco's modified Eagle medium [(DMEM)/F12 + GlutaMAX™-l)] supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin, 1% B27 supplement, 10 ng/mL epidermal growth factor (EGF), and 5 ng/mL basic fibroblast growth factor-2 (FGF)-2 (all from Life Technologies) and plated onto uncoated petri dishes (Corning Life Science, NY, USA). They were allowed to develop in an incubator with 5% CO 2 and 95% atmospheric air at 37˚C for five to six days. In these conditions, SVZ cells grow in suspension and generate neurospheres that are rich in neural and progenitor stem cells at distinct stages of differentiation and with proliferative and self-renewing abilities [22] [23] [24] [25] . Neurospheres were then seeded onto 0.1 mg/mL poly-D-lysine-(PDL, Sigma-Aldrich Co. LLC) coated glass coverslips in 24-well plates in SFM devoid of growth factors. SVZ cells were allowed to form a cell monolayer for two days before testing the experimental conditions used.
OGD and experimental treatments
Two days after neurospheres have been seeded the resultant cell monolayer was exposed to OGD for 1 h by replacing the SFM by 0. 
Propidium iodide incorporation
SVZ cells were subjected to OGD and then treated with NPs and maintained in culture for 48 h after transfection. Propidium iodide (PI; 5 μg/mL, Sigma-Aldrich Co. LLC) was added for the last 10 min of the 48 h incubation period. Subsequently, cells were fixed with 4% paraformaldehyde (PFA) for 10 min, stained with Hoechst-33342 (4 μg/mL, Life Technologies) for 5 min at RT and mounted in Fluoroshield Mounting Medium (Abcam Plc., Cambridge, UK). Photomicrographs of PI incorporation were taken using an AxioImager microscope (Carl Zeiss, Göttingen, Germany).
5-bromo-2'-deoxyuridine (BrdU) incorporation
SVZ cells were exposed to BrdU (10 μM, Sigma-Aldrich Co. LLC) 4 h before the end of the experiment (48 h post-transfection). Thereafter, cells were fixed in 4% PFA. Fixed cells were permeabilized with 1% Triton X-100 for 30 min at RT and BrdU was exposed by incubating the fixed cells with 1 M HCL for 40 min at 37˚C. Nonspecific binding sites were blocked with 6% bovine serum albumin (BSA) in PBS containing 0.3% Triton X-100 for 1 h, followed by incubation with anti BrdU Alexa-Fluor 594 conjugated antibody (Life Technologies) prepared in PBS containing 0.3% BSA and 0.3% Triton X-100 for 2 h at RT. Cells were then stained with Hoechst-33342 and mounted in Fluoroshield Mounting Medium (Abcam Plc.). Photomicrographs of BrdU incorporation were taken using a confocal microscope (AxioObserver LSM 710, Carl Zeiss). 
In vivo studies
All experiments were conducted in accordance with protocols approved by the Malmö/Lund Ethical Committee for Animal Research. Nine-week-old C57BL/6 J male mice (Charles River, Sulzfeld, Germany) were housed in the same room and in similar cages under controlled conditions: 12 h light/dark cycle in RT (22˚C) and ad libitum access to food and water. Surgeries, animal behavior, histological studies, multiplex immunoassay and in vivo statistical analysis were conducted prespecified and in a blinded and randomized manner. All animals were assigned to experimental groups before entering study. A total of 83 mice were used in this study and seven of them died during surgery.
Photothrombotic stroke
Unilateral photothrombotic cortical ischemia in the right primary motor cortex [26] was performed as described previously [27] . Briefly, animals were anesthetized with isoflurane (1.5 to 2% during surgery; Isobeta vet 100%, MSD, AN Boxmeer, Netherlands) and placed into a stereotaxic frame. The local analgesic Marcain (AstraZeneca, Södertälje, Sweden) was injected followed by a scalp incision exposing the mouse skull. The subcutaneous connective tissue was removed and the skull bone was dried. An optic fiber with an aperture of 2 mm per 4 mm was placed in the right hemisphere (center +1.5 mm lateral and +0.5 mm anterior related to Bregma [28] and it was illuminated with a cold light source (Schott KL 1500 LCD, intensity: 3200 K/5D) for 20 min. A photosensitizing dye, Rose Bengal (0.1 mL at 10 mg/mL; SigmaAldrich, Taufkirchen, Germany), was injected intraperitoneally 5 min before the illumination. After illumination, the scalp incision was sutured, and the mice were allowed to recover in their home cages. In sham-operated mice, the same procedure was performed but mice were injected with saline solution (0.1 mL of 0.9% NaCl) instead of the photosensitizer. Body temperature was monitored during the surgery and kept between 36˚C and 37.5˚C using a selfregulating heating pad. After surgery, mice temperature and body weight were monitored daily during the experiments and were not altered outside physiological ranges (S1 Table) .
Intravenous injections
After surgery, mice were allowed to wake up from anesthesia. Immediately after, mice were placed in a restrainer and injected in the tail vein with a total volume of 150 μL of either saline solution, void NPs, scramble-miR NPs or miR-124 NPs, respectively. Mice were divided into 5 different experimental groups: i) Sham-operated mice (n = 22); ii) PT-operated saline mice (n = 16, 0.9% NaCl); iii) PT-operated void NPs mice (n = 11, 1 mg of NPs); iv) PT-operated scramble-miR NPs mice (n = 12, 1 mg NPs and 4 nmol Scramble-miR); v) PT-operated miR-124 NPs mice (n = 12, 1 mg NPs and 4 nmol miR-124). No differences were found among sham-operated animal treated with saline, void NPs, scramble-miR NPs or miR-124 NPs. To reveal whether the NPs used in the study reached the brain parenchyma, pilot experiments were carried out. After PT, 3 mice were injected either with 1 mg, 5 mg or twice in intervals of 6 h with a dosage of 5 mg of fluorescein isothiocyanate (FITC)-NPs as described above. After 4 or 24 h, mice were perfused with 4% PFA and penetration of NPs was evaluated in coronal sections by fluorescence microscopy.
Behavior analysis
For behavior analysis, animals subjected PT surgery (considered for infarct volume assessment; section 2.13) or sham surgery where considered excepted for mice with a score below 3 on day -1 (the day before surgery), which were not included in assessment of recovery of function after surgery (1 mice excluded in a total of 46).
Rotating pole test.
Rotating pole test was performed as described previously [29] . Mice were trained for 2 days to traverse an elevated wooden pole (750 mm above ground, diameter 15 mm, length 1,500 mm) that was rotating at 0, 3 or 10 rotations per min (rpm) to the right or left. Mice were evaluated on the day before surgery (day -1) and on days 2, 7 and 14 after surgery. Mice were attributed a score from 0 to 6: 0, the mouse falls off the pole immediately upon placement of the pole; 1, the mouse is unable to traverse the pole remaining sitting or trying to go backwards; 2, the mouse falls off the pole while crossing or the hind limbs do not contribute to forward movement; 3, the mouse manages to reach the platform but it is constantly slipping with the fore-and/or hind limbs; 4, the mouse traverses the pole with more than four slips; 5, the mouse crosses the pole with one to three slips; 6, the mouse traverses the pole with no foot slips.
Grid test.
Mice were trained to cross a grid (600 mm length) before surgery. Each mouse was evaluated before surgery (day 0) and at days 2, 7 and 14 after surgery. Each misstep of the paretic paws was counted as one fault and the number of faults was scored from 0 to 6: 0-6 and more faults; 1-5 faults; 2-4 faults; 3-3 faults; 4-2 faults; 5-1 fault; 6 -no fault.
Tissue collection
Mice were euthanized at two time points: 2 days after PT for protein extraction and serum collection (analysis of pro-inflammatory cytokines, total of 27 mice) and 14 days after stroke for immunohistochemistry (infarct volume and neurogenesis, total of 46 mice). At 2 days after surgery, animals were deeply anesthetized with isoflurane and subjected to a thoracotomy to expose the heart to collect a blood sample from the left ventricle. Samples were centrifuged at 10,600 g for 5 min and serum was stored at -80˚C until further use. After blood collection, mice were decapitated and the brain was dissected and immediately frozen in isopentane (Sigma-Aldrich, Taufkirchen, Germany) on dry ice. The ischemic territory (infarct core and proximal peri-infarct tissue) was then dissected from the mice brains in a glove box at -20˚C to avoid protein degradation. Thereafter, brain tissue was stored at -80˚C until further processing. At 14 days after surgery mice were deeply anesthetized with pentobarbital and perfused intracardially with saline solution followed by ice cold 4% PFA (pH 7.4, Sigma-Aldrich). Brains were removed and post-fixed with 4% PFA for 24 h, followed by immersion in a 25% sucrose solution (Sigma-Aldrich). Thereafter, brains were sectioned on a microtome (SM 2000R, Leica Microsystems, Wetzlar, Germany) at 30 μm-thick coronal sections. For infarct volume measurement sections spaced 460 μm to each other were collected from the start until the end of the lesion. Sections were stored at -20˚C in an antifreeze solution made in PBS containing 30% glycerol and 30% ethylene glycol. To analyze the penetration of NPs into the brain parenchyma mice were euthanized 4 or 24 h after injection of FITC-NPs and fixed in 4% PFA as described above.
Infarct volume
For each PT operated animal, the 30 μm-thick coronal sections, distanced 460 μm from each other were stained against the neuronal marker NeuN. Stained sections were digitalized at 9600 dpi (CanoScan 8800F, Canon, Tokyo, Japan) and processed with the ImageJ software (National Institute of Health, USA). For each animal, the infarct volume (mm 3 ) was calculated by subtracting the area of the non-lesioned ipsilateral hemisphere from the area of the intact contralateral hemisphere followed by their volumetric integration. Mice whose infarct volume was lower than 0.2 mm 3 or higher than 6.0 mm 3 were excluded from the study (7 mice excluded in a total of 46).
Immunohistochemistry/Immunofluorescence
Free-floating brain sections were rinsed three times in PBS followed by the quenching of the endogenous peroxidases activity with 3% H 2 O 2 (Sigma-Aldrich) for 20 min at RT. Slices were then rinsed three times for 10 min each with PBS and sections were permeabilized and blocked using 5% normal donkey serum (Jackson ImmunoResearch Laboratories Inc., Suffolk, UK) dissolved in PBS-T (PBS with 0.25% of Triton X-100) for 1h at RT. Sections were incubated overnight at 4˚C with a rabbit anti NeuN (Millipore, 1:5000) in PBS-T with 3% normal donkey serum. Thereafter, sections were rinsed in PBS-T three times and incubated in biotinylated secondary antibody donkey anti rabbit (Jackson ImmunoResearch Laboratories Inc.) at a dilution of 1:400 in PBS-T with 2% normal donkey serum for 90 min at RT. Visualization was achieved via the Vectorstain ABC kit (Vector) using 3,3-diaminobenzidine-tetrahydrochloride (DabSafe, Saveen Werner, Sweden), 8% NiCl 2 and 3% H 2 O 2 . Sections were dehydrated in consecutive higher concentrations of ethanol, 2 min in 70% ethanol, two times 2 min in 95% ethanol, 2 times 2 min in absolute ethanol, followed by two times 2 min in xylol and mounted using Pertex (Histolab AB, Gothenburg, Sweden). For fluorescence stainings, free-floating sections were rinsed three times in PBS and incubated with 2 M HCl for 25 min at 37˚C to induce DNA denaturation and exposure of BrdU. Sections were then incubated in blocking solution-2% of normal donkey serum and 0.3% Triton X-100 in PBS-for 2 h at RT, followed by a 48h incubation overnight at 4˚C using the following primary antibodies: rat monoclonal 
Preparation of protein extracts
Whole protein extracts were obtained from the ischemic territory and corresponding regions in sham animals. Tissue homogenization was done by sonication (Cole Parmer Instruments Co., Chicago, U.S.A.) in lysis buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM ethylene glycol tetraacetic acid (EGTA), 1 mM phenylmethanesulfonyl fluoride (PMSF), 2.5 mM sodium pyrophosphate, 1 mM β-glycerolphosphate, 1 mM sodium orthovanadate supplemented with protease inhibitor cocktail. Thereafter, tissue was incubated on ice for 10 min followed by a centrifugation (20,000 g at 4˚C for 20 min) and the supernatant was collected for further analysis. Concentration of the whole protein collected was done by the Bradford assay using BSA (Sigma-Aldrich) dissolved in lysis buffer as standard.
Cytokine analysis from brain extracts and serum samples
The levels of different cytokines-namely interferon-gamma (IFNγ), interleukin-1beta (IL-1β), IL-6 and tumor necrosis factor-alpha (TNF-α)-were evaluated using a multiplex immunoassay kit according to the manufacturer's protocol (Mesoscale, Gaithersburg, MD, USA) in the five experimental groups tested. For this evaluation 50 μg of total protein from the protein extracts and 50 μL of serum collected from the same mice were used.
Statistical analysis
Analyses of immunocytochemistry experiments were performed at the border of seeded neurospheres where cells formed a pseudo-monolayer. The experiments were performed in six independent cultures obtained from three different SVZ cell isolations from C57BL/6 pups. 
Results
miR-124 NPs protect SVZ cells and stimulate their differentiation after OGD
SVZ cells have been isolated and grown in vitro as neurospheres (cell suspensions) that are mostly stem/progenitors cells. A polymeric NP formulation was used as a carrier to deliver miR-124 into SVZ cells. These NPs have a MRI tracer (perfluoro-1,5-crown ether) in their core and are mainly constituted of a polymer-PLGA-that is coated with a cationic agent, protamine sulfate, to allow the complexation of negatively charged miR molecules. Based on our previous studies demonstrating that 1 μg/mL of NPs complexed with 200 nM (60 pmol) of miR-124 induced neuronal differentiation of SVZ cells in vitro without cytotoxic effects, we applied these conditions to evaluate if miR-124 NPs have a beneficial effect on SVZ cells exposed to a combined oxygen and glucose deprivation. SVZ cultures obtained from postnatal C57BL/6 J mice were exposed to OGD for 1 h followed by a reoxygenation period of 24 h with either fresh medium (non-treated cells) or fresh medium containing miR-124 NPs or scramble-miR NPs or void NPs. Control cells were not subjected to OGD (normoxic non-OGD control). Exposure to OGD for 1 h led to a significant 1.7-fold increase in the cell death of SVZ cultures, being this effect reverted in cultures transfected with miR-124 NPs after the miRNA-124NP´s in stroke OGD insult (Fig 1B; non-control OGD 8.82 ± 0.76, non-treated cells 1 h OGD 15.36 ± 1.19, miR-124 NPs 1 h OGD 9.10 ± 0.65, ÃÃÃ p<0.001, ###p<0.001; data are presented as percentages of total number of cells). To measure cell proliferation BrdU was incubated with the SVZ cells for the last 4 h of the 48 h post-OGD incubation period. BrdU is a thymidine analog that incorporates into the DNA of cells during the S phase of the mitotic process. The total levels of BrdU-positive cells were not altered by the exposure to OGD per se nor by the presence of miR-124 NPs after OGD (Fig 1C) . Finally, we studied the miR-124 NPs neurogenic potential after OGD by staining the cultures with the mature neuronal marker NeuN (Fig 1D and 1E) . Surprisingly, OGD exposure did not alter the levels of neurons obtained from SVZ cultures when compared with non-OGD basal conditions. Nevertheless, the presence of miR-124 NPs after the OGD insult resulted in a 1.6-fold increase in the NeuN-positive cells compared with non-OGD control (Fig 1D and 1E; 
Treatment with miR-124 NPs does not affect lesion volume and functional outcome after photothrombosis
Next, we aimed at evaluating if administration of miR-124 NPs could modulate processes in the post-ischemic brain contributing to recovery of lost neurological function. First, we analyzed stability of the NP formulation for 24 h both in static conditions and at flow conditions, in order to mimic the flow found in blood vessels (Fig 2) . Zeta potential measurements showed no changes in zeta potentials of void NPs after 24 h either in static or flow conditions, demonstrating the stability of the formulation. In case of miR NPs formulation, a decrease in the zeta potential after 24 h (Zeta potential: -2.7±1.2 mV (flow); -1.8±1.1 mV (static)) relatively to the initial formulation (Zeta potential: 0.4±1.7 mV) was observed (Fig 2) . This process occurred both in static and flow conditions, likely due to the adsorption of salts or oligonucleotide that remained in solution when the stability tests were initiated.
Then, we evaluated sensorimotor function, the inflammatory response (pro-inflammatory cytokine levels in the ischemic territory and periphery) and neurogenesis (DCX/BrdU cell number in SVZ and peri-infarcted area) in mice subjected to PT or sham operation. Behavioral tests were performed on day -1 or day 0 and day 2, day 7 and day 14 after surgery. Following PT or sham surgery, the inflammatory response was studied on day 2 post-stroke while neurogenesis was evaluated on day 14 in mice that were intravenously injected with miR-124 NPs, scramble-miR NPs, void NPs or saline, respectively (Fig 3A) . All mice were monitored daily in terms of body weight and temperature, no differences were observed between the treatment groups (S1 Table) .
In pilot experiments, we observed that NPs were able to penetrate into the brain parenchyma by injecting 1 mg of FITC-NPs to mice immediately after PT. Co-staining of the FITC-NPs with the marker for endothelial cells CD31 clearly showed a wide distribution of FITC immunoreactivity throughout the brain parenchyma 4 h after intravenous injection. Signals were observed in brain microvessels as expected, indicating that there was not a complete penetration of NPs (Fig 3B) . Importantly, FITC-NPs were found in the striatum and cortex, including the peri-infarcted area; in addition, significant accumulation of FITC-NPs was observed in white mater, namely the corpus callosum and taken up by astrocytes (Fig 3C) and neurons (Fig 3D) . Administration of higher dosages (5 and 10 mg) of FITC-NPs showed similar results at 4 and 24 h following intravenous injection.
Evaluation of infarct volumes revealed no differences between all treatment groups: PT saline 0.87 ± 0.14, PT void NPs 0.81 ± 0.15, PT scramble-miR NPs 0.67 ± 0.09, PT miR-124 NPs 0.81 ± 0.13 ( Fig 3E) . As shown in Fig 3F representative coronal sections show similar infarct areas in mice treated either with saline or miR-124 NPs, indicating that miR-124 NPs do not contribute to a reduction of the ischemic lesion. From these results, we can exclude that differences in lesion volumes did not influence outcome measures.
Neurological deficits and their recovery were assessed by two independent behavioral tests: the rotating pole test (Fig 4A-4C ) and the grid test (Fig 4D) . After PT, mice showed neurological Before entering the study, mice were assigned to surgery and treatment groups subjecting them either to sham surgery or PT. The PT group was then subdivided into 4 subgroups in which mice were treated with an intravenous injection in the tail vein of saline, void NPs, scramble-miR NPs or miR-124 NPs (total of 5 different groups) immediately after surgery. Pro-inflammatory cytokines have been measured on day 2 after surgery from the ischemic core and adjacent peri-infarct tissue and serum. Infarct volumes and neurogenesis have been studied 14 days after surgery. These mice received BrdU injections (every 12 h) during the first 3 days after surgery. After a training period, neurological function was tested on days -1, 2, 7 and 14, respectively. miRNA-124NP´s in stroke deficits that were not evident before PT. Prior to PT, all animals performed the rotating pole test with a median of 4 points (Fig 4A) . On day 2, the majority of the animals could not traverse the pole, the median throughout the groups was 2 (Fig 4B) . No difference was observed comparing the four treatment groups. A slight but non-significant recovery has been observed 14 days after PT due to spontaneous recovery. Similar to day 2 treatment with miR-124 NPs did not improve motor function in mice subjected to PT (Fig 4C) compared to the non-treated (saline) mice subjected to PT. Likewise, mice subjected to PT made a significant higher number of foot faults in the grid test. Also here, treatment did not affect the performance at any time point of measurement (Fig 4D) . In both behavioral tests sham-operated mice did not show deficits. They had a similar performance throughout the study (Fig 4A-4D ).
Representative images of the infarct area (white) in coronal sections stained with NeuN of mice treated with saline (left) or miR-124 NPs (right). Abbreviations: BrdU, 5-bromo-2'-deoxyuridine; CL, contralateral hemisphere; GFAP, glial fibrillary acidic protein; IL, ischemic hemisphere; NeuN, neuronal nuclei; NPs, nanoparticles; PT, photothrombosis.
https://doi.org/10.1371/journal.pone.0193609.g003 (A-C) show the performance at 10 rotations of the pole to the left a day before surgery (day -1), 2 days and 14 days after the insult, respectively; data are presented as medians with the 1 st and 3 rd quartile. (D) Grid test presenting the number of foot faults of the left side paws traversing a 60 cm long grid as indicated in the Methods section. Sham-operated mice and mice subjected to PT of the abovementioned treatment groups were evaluated at days 0, 2, 7 and 14. All data are represented as medians with the 1 st and 3 rd quartile with 6 to 11 animals per group: sham n = 11, PT saline n = 6, PT void NPs n = 6, PT scramble-miR NPs n = 7, PT miR-124 NPs n = 8. Abbreviations: NPs, nanoparticles; PT, photothrombosis.
SVZ Neurogenesis after miR-124 NPs treatment in PT mice
To evaluate neurogenesis, mice were injected intraperitoneally with BrdU for 3 days after surgery (every 12 h, Fig 3A) in order to assess dividing cells. The number of cells positive for DCX (marker of neuroblasts), BrdU and double positive for DCX and BrdU were evaluated in the SVZ (Fig 5A-5E ) and peri-infarct area (Fig 5A and 5F-5H ). In the SVZ, two weeks after surgery and miR-124 NPs injection, we did not observe any differences between the number of DCX-positive cells in the PT animals when compared with sham-operated mice nor among the different treatment groups in PT animals ( Fig 5C) . We observed that PT animals tend to have slightly higher numbers of BrdU-positive cells compared to sham-operated animals (Sham 12.55 ± 1.98; PT saline 22.33 ± 2.73; PT void NPs 24.83 ± 3.38; PT scramble-miR NPs 25.13 ± 3.28; PT miR-124 NPs 22.63 ± 3.80; medians with the 1st and 3rd quartile). Hence, treatment with miR-124 NPs did not change the total number of BrdU stained cells when compared with saline, void NPs or scramble-miR NPs, respectively (Fig 5D) . This increase, however, can be explained by higher levels of non-neuronal cells that may proliferate, as well as cell death in response to the damage caused by the PT. Likewise the number of DCX-positive cells and DCX/BrdU-double positive cells were also not altered among the five experimental groups (Fig 5C and 5E) . To investigate the number of cells that potentially migrated from the SVZ to the lesion area, a region of interest was created located above the SVZ and underneath the infarcted area (Fig 5A) , or the equivalent region in sham animals, was evaluated. Sham mice did not present any DCX-positive cells and the number of BrdU-positive cells was negligible (Sham 1.82 ± 0.69; medians with the 1st and 3rd quartile). Regarding the PT mice, the number of BrdU positive cells was elevated in all the groups independent of the treatment (Fig 5G; PT saline 91.33 ± 11.90; PT void NPs 94.17 ± 8.77; PT scramble-miR NPs 95.25 ± 8.90; PT miR-124 NPs 94.75 ± 6.88; medians with the 1st and 3rd quartile). Despite some reports suggesting the migration of SVZ neuroblasts into the peri-infarcted area [30, 31] we found very few DCXpositive cells in this area (Fig 5H; PT saline 0.00 ± 0.00; PT void NPs 1.17 ± 0.79; PT scramblemIR NPs 0.75 ± 0.49; PT miR-124 NPs 0.38 ± 0.38; medians with the 1st and 3rd quartile).
From these results, we conclude that stroke induced neurogenesis does not exist in our experimental conditions and that a single intravenous injection of miR-124 NPs was unable to elicit an increase in SVZ neurogenesis neither in the healthy nor in post-stroke brain.
Effects of miR-124 on the post-ischemic inflammatory response
miR-124 is predicted to attenuate inflammatory pathways, since a reduction in the miR-124 is needed to obtain a reactive microglial state [32] . We measured the levels of pro-inflammatory cytokines, namely IFNγ, IL-1β, IL-6 and TNF-α 48 h after PT (Fig 6) . The levels of these four cytokines were measured in the ischemic territory (infarct core and peri-infarct area) to evaluate the local inflammatory response as well as in the serum of the same mice. In the brain, we found an elevation of all four cytokines after PT compared to sham-operated mice, however, only IL-6 reached statistically significant levels. Animals subjected to PT treated with miR-124 NPs showed significantly higher levels of IL-6 compared to all experimental groups (Fig 6C) . Regarding the peripheral response, there was no difference between any of the five experimental groups (Fig 6E-6H) , supporting previous studies that a peripheral immune response may be transient and limited to the first hours after stroke onset [33, 34] . Together, miR-124 NPs were able to increase IL-6 levels although no changes in the other pro-inflammatory cytokines evaluated were observed.
Discussion
In this study, we investigated the effect of intravenous administration of miR-124 NPs as a possible therapeutic strategy to improve stroke outcome following permanent focal ischemia induced by photothrombosis.
Endogenous NSCs participate in neural regeneration after injuries, namely in cerebral ischemia [35] . miR-124 is the most abundant microRNA in the adult brain [36] and it is a well described inductor of SVZ neurogenesis [37, 38] . Indeed, we have recently shown that the delivery of miR-124 into the lateral ventricles potentiated SVZ neurogenic potential leading to the amelioration of motor symptoms in mice lesioned with 6-hydroxydopamine [21] . Herein, we first showed that SVZ cells, which were exposed to OGD, and then treated with miR-124 NPs were protected and prone to differentiate towards a neuronal phenotype. These results miRNA-124NP´s in stroke prompted us to test the efficacy of miR-124 NPs in vivo in a permanent focal photothrombosis mouse model for ischemia. In this study, the miR-124 NPs were administered systemically since the intracerebroventricular injection of drugs is not a viable option for the majority of stroke patients. However, one of the major problems is the penetration into brain parenchyma through the blood brain barrier (BBB) [39] . Nevertheless, after a PT stroke the BBB is affected and becomes more permissive. In rodents subjected to PT stroke, extravasation of the Evans blue dye was seen in the brain parenchyma as soon as 2 h after the ischemic event reaching the maximum at 12 h and 24 h followed by a gradual decrease [40, 41] . Moreover, higher matrix metallopeptidase-9 (MMP-9) levels and activity as well as increased putative transcytosis of vesicles and vacuole were seen in the endothelium of rodents after PT stroke [40] [41] [42] . These alterations may aid the miR-124 NPs passage through the BBB. Another important aspect to consider in miR-based therapeutics is dosage. High dosages of miRNA can result in saturation of the miRNA machinery leading to cellular toxicity, off-target effects that can cause toxicity in non-target tissues, and immunological response that can be harmful for the recipient [43] . NPs are attractive vehicles to transport molecules into the CNS due to: high load of cargo, ability to protect the cargo, high stability both in vivo and storage, and easiness to be modulated in terms of size, shape, surface and chemistry. Our formulation showed to be stable throughout 24 h, with void NPs showing no significant alterations when maintained at 37˚C both in static and flow conditions, indicating that they can be useful carriers for systemic delivery. In fact, herein we show the internalization of NPs into brain resident cells. These proof-of-principle experiments unequivocally demonstrate the delivery of miR-124 loaded NPs into the postischemic brain. However, miR-124 NPs did not improve functional outcome after the insult. We observed similar infarct volumes between experimental groups to exclude infarct volume as a possible confounding variable for outcome measures. Regarding neurogenesis, we observed that the total number of DCX/BrdU-double positive cells was also not altered in the SVZ. In addition, we found an increased number of BrdU-positive cells in the ischemic territory. However, almost no DCX/BrdU-double positive cells were detected in the ischemic core and peri-infarct tissue. These results may indicate that lack of efficiency might be due to dosage, timing and route of administration of miR-124 important for its bioavailability and need. In fact, as mentioned before we have observed that a intracerebroventricular injection of miR-124 NPs results in enhancement of olfactory bulb neuroblasts under physiological conditions in mice four weeks after injection [21] . Moreover, we showed that 24 h after transfection both miR and NPs could be found throughout the cytoplasm of cells, while only 5% were located in late endosome and lysosome vesicles [20, 21] , indicating that the formulation we used allows miR release inside the cells and avoids endolysosomal degradation. miR was also efficiently localized with the Argonaute 2 protein, an essential component of the microRNA-mediated silencing complex (miRISC) [20] .
Previously, it has been shown that viral administration of miR-124 for 21 days prior to MCAO resulted in a decrease of infarct volumes, reduced microglial activation and enhanced motor behavior [14] . Moreover, local injection of miR-124 in the striatum of mice subjected to transient MCAO two days after stroke resulted in a reduction of lesions and better functional outcome [17] . On the other hand, infusion of an inhibitor of miR-124 (antagomir) into the lateral ventricle of rats prior to transient MCAO resulted in smaller infarct volumes with a significant reduction of TUNEL-positive cells [18] . Another study even reports that intraventricular administration of miR-124 in mice immediately after MCAO resulted in a non-significant increase of infarct volumes 24 h after stroke [19] . It seems that the route of administration of miR-124 is critical to achieve biological effects of miR-124 in the post-ischemic brain. Also, it needs to be considered that at an early time point following an ischemic insult the infarct has not been subsided. Therefore, effects of miR-124 on lesion volumes at an early stage following stroke i.e. 24 h might be due to effects on multiple processes i.e. brain edema without consequences for the final ischemic lesion and function [44] . Also, differences in results might be due to different experimental stroke models. With some reservations, it seems that miR-124 is rather efficient in transient stroke models than in permanent models. Also, further studies need to elucidate the exact role of miR-124 antagonism in the post-ischemic brain. Our results do not support our initial hypothesis that miR-124 NPs could improve functional outcome following PT, with no changes in behavioral tests observed in this study.
The inflammatory response is a consequence of stroke and it contains well-orchestrated cascades involving resident and peripheral immune cells together with the expression and release of inflammatory molecules [45] . miR-124 reduction is needed in order to shift the resting state of microglia to a reactive state [32] . miR-124 seems to be essential for the activation and maintenance of the M2 inflammatory state of microglia, through the modulation of the C/ EBP-α-PU.1 pathway [46] [47] [48] [49] , the USP2 and USP14 [50] , the signal transducer and activator of transcription 3 (STAT3), TNF-α converting enzyme (TACE), necrosis factor (NF)-κB p65, TRAF6 [51, 52] , among other inflammatory mediators. However, studies have shown that miR-124 does not always act as a repressor for microglia activation [53, 54] . For example, in epilepsy Brennan et al. have proved that status epilepticus leads to suppressed miR-124 expression, while administration of synthetic miR-124 significantly augments microglia activation and inflammatory cytokines, including IL-1β, TNF-α and IL-6. In fact, they observed a similar effect (higher microglia reactivity) also in control mice treated with miR-124 [53] . In Crohn's disease miR-124 promotes intestinal inflammation. The authors verified that miR-124 overexpression resulted in the production of pro-inflammatory cytokines by targeting the aryl hydrocarbon receptor [54] . In fact, aryl hydrocarbon receptor is able to suppress IL-6 production through inhibition of histamine production in LPS-stimulated macrophages [55] . Importantly, miRNA-124NP´s in stroke the only pro-inflammatory cytokine modulated by miR-124 NPs after PT was IL-6. Elevated levels were exclusively found in miR-124 NPs animals following PT suggesting a specific miR-124 mediated effect. This is in contrast to what has been observed before and may rather support a pro-inflammatory role of miR-124 as reported in models of epilepsy [53] . On the other hand, administration of miR-124 NPs to mice subjected to PT did not affect the levels of IL-1β, IFNγ and TNF-α. Also, no significant peripheral inflammatory response was seen among sham-and PT-operated animals nor among the different treatments. This goes along with previous studies questioning a prolonged upregulation of pro-inflammatory cytokines in rodents following stroke [33, 34] .
For the systemic delivery of miR-124 NPs we took advantage of the BBB breakdown caused by the PT stroke to facilitate the passage of miR-124 NPs into the brain parenchyma [41, 42, 56] . We also increase the amount of miR used for intravenous administration compared with the previous work [21] to guarantee the maximum load of miR into the NP formulation. In fact, zeta potential measures showed that at 1 h, at the concentration used in this study, miR NPs have a zeta potential near zero. After 24 h at 37˚C both in static and flow conditions, miR NPs showed a decrease in the zeta potential in both conditions what may be explained by the adsorption of salts or oligonucleotides. However, it is also important to consider that after intravenous injection even the best formulations are only able to deliver up to 5% of their initial dose into the brain. As so, if around 0,1% of miR-124 NPs reached the brain parenchyma we would have around 4 pmol of miR-124 within the brain, 8-times more miR-124 than the amount locally administered in a Parkinson's disease mouse model [21] . Immunofluorescence analysis of NPs and the increase of IL-6 levels in the post-ischemic brain strongly corroborate penetration of NPs and delivery of miR into brain cells despite we could not observe effects on neurogenesis in the SVZ, what may indicate low bioavailability. Differences in the route of administration (local vs systemic administration) might explain in part the lack of enhancement of SVZ neurogenesis. Nevertheless, improvement of our NP formulation is needed to increase efficacy of our treatment in systemic applications. Therefore, modifications that improve the blood circulation time, increase cargo protection (mainly against RNases), reduce opsonization, decrease peripheral accumulation and enhance delivery of miR into particular brain regions, such as addiction of polyethylene glycol, surfactant agents or even a targeting molecule, may increase bioavailability of the miR-124 [39] .
Conclusions
In the present study, we showed that a single intravenous injection of miR-124 NPs immediately after PT does not affect neurological deficits 14 days following the insult. In addition, no effects have been observed on the number of neuronal progenitor cells in the subventricular zone and ischemic territory despite positive results from in vitro experiments. Further evaluation studies will be required to investigate bioavailability of miR-124 loaded nanoparticles in brain parenchyma, the immunogenic role of miR-124 NPs and its effect in different rodent stroke models. 
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